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Abstract— Intensive research on energy harvesting powered 
wireless sensor nodes (WSNs) has been driven by the needs of 
reducing the power consumption by the WSNs and the increasing 
the power generated by energy harvesters. The mismatch between 
the energy generated by the harvesters and the energy demanded 
by the WSNs is always a bottleneck as the ambient environmental 
energy is limited and time-varying. This paper introduces a 
combined energy-aware interface (EAI) with an energy-aware 
program to deal with the mismatch through managing the energy 
flow from the energy storage capacitor to the WSNs. These two 
energy-aware approaches were implemented in a custom 
developed vibration energy harvesting powered WSN. The 
experimental results show that, with the 3.2 mW power generated 
by a piezoelectric energy harvester (PEH) under an emulated 
aircraft wing strain loading of 600 με at 10 Hz, the combined 
energy-aware approaches enable the WSN to have a significantly 
reduced sleep current from 28.3 µA of a commercial WSN to 0.95 
µA and enable the WSN operations for a long active time of about 
1.15 s in every 7.79 s to sample and transmit a large number of 
data (388 bytes), rather than a few ten milliseconds and a few 
bytes, as demanded by vibration measurement. When the 
approach was not used, the same amount of energy harvested was 
not able to power the WSN to start, not mentioning to enabling the 
WSN operation, which highlighted the importance and the value 
of the energy-aware approaches in enabling energy harvesting 
powered WSN operation successfully.  
 
Index Terms— energy harvesting, energy-aware interface, 
energy-aware program, wireless sensor nodes  
 
I. INTRODUCTION 
In the last decade there has been an increasing interest on the 
development of energy harvesting powered wireless sensing 
nodes (WSNs) for applications such as healthcare, industrial 
process monitoring, environment monitoring, and structural 
health monitoring [1, 2]. This is because the energy harvesting 
powered WSNs can operate for years and years without the 
needs of human intervention for battery replacements. 
However, to date, there are a few implementations in such 
WSNs. The main reason is that the energy generated by energy 
harvesters is not high enough for powering the WSNs as 
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commercially available WSNs are power hungry. This means 
there is a mismatch between the energy generated by the 
harvesters and the energy demanded by the WSNs to perform 
the required tasks. Therefore, there is a need to deal with this 
mismatch by reducing the power consumption of WSNs and 
increasing the amount of power that can be harvested and/or 
extracted to the WSN. 
To increase the power harvested and extract more power to  
the WSN, since the energy that can be scavenged by an energy 
harvester is highly dependent on the types of energy harvesters 
and the environmental conditions [2], a more practical 
approach is to place a power management module (PMM) in 
between the energy harvester and the WSN to manage the 
energy mismatch by harvesting as much power as possible from 
the energy harvester under various conditions. A large number 
of PMMs have been proposed to improve the amount of 
harvested energy. Typical methods were based on nonlinear 
techniques for extracting as high power as possible typically in 
piezoelectric [3, 4] and electromagnetic [5, 6] energy 
harvesting and resistive/impedance matching for maximum 
power transfer from the energy harvesters to the loads in all 
types of energy harvesting such as solar [7], thermoelectric [8], 
piezoelectric [9], and electromagnetic energy harvesting [10]. 
In the nonlinear techniques, switches are toggled at appropriate 
timing to momentarily form an LC oscillator circuit using the 
energy harvesters and external components such as inductor [3, 
4] or capacitor [5, 6]. The oscillation occurred increases the 
voltage waveforms from the energy harvesters, and hence the 
power is increased. Maximum power transfer occurs when the 
impedances of both the energy harvesters and connected loads 
are matched. In the resistive/impedance matching techniques, a 
DC–DC converter is usually used to emulate the modulus of the 
impedance of an energy harvester by dynamically changes its 
duty cycle. It should be noted that a WSN can be seen as a 
dynamic load as it consumes different amount of current when 
it is performing different tasks [11]. Therefore, the amount of 
energy that can be harvested using these techniques will still be 
affected by the connected WSNs due to the loading effect 
brought by the dynamism of WSNs. Direct connection of the 
WSNs to the PMMs will drastically reduce the amount of 
power that can be harvested [12]. 
To reduce the power consumption of the WSNs, one of the 
common approaches is to choose low sleep power consumption 
wireless microcontrollers (MCUs). Off-the-shelf MCUs which 
are the core part of the WSNs have ultra-low sleep power 
consumption but they are characterized in the conditions that a 
small sized memory is attached and a few peripheral devices 
are connected to the MCUs. For example, the current 
consumptions are 0.7 µA with 1.8 V supply voltage for 
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MSP430 of Texas Instruments in an ultra-low power standby 
mode [13] and 2.6 µA for Jennic with an active sleep timer 
from NXP in a sleep mode [14]. In practical applications, there 
are a large sized memory attached and many peripheral devices 
connected with the MCUs, which include crystal and 
resistor-capacitor oscillators, sensor interface circuits and 
transmission circuits. The current consumptions of these 
devices have not been included in the datasheets of the MCUs. 
This means the actual power consumptions of the WSNs during 
the sleep modes are usually much higher than the ones provided 
in the datasheets. The high sleep power consumption would 
cause a start-up problem for energy harvesting powered WSNs 
when there is a limited energy harvested since energy could not 
be accumulated, leading to voltage in the energy storage 
capacitor lower than the minimum operation voltage of the 
MCUs. Therefore, the MCUs are not able to become active and 
play their functions in controlling their sub-circuits such as 
wake-up timers, digital input/output (DIO) blocks, 
comparators, and resistor-capacitor oscillators through 
software programmed in the flash memory of the MCUs. The 
worst thing is that, although the MCUs are not able to start, the 
connected sub-circuits are still continually consuming energy 
in the energy storage capacitor, making the WSN never ever be 
able to start its operation.  
In order to solve the start-up problem and the loading effect 
of a WSN on a PMM, reviewed above, a few attempts have 
been made to develop an energy-aware interface (EAI) between 
the PMM and the WSNs to manage the energy flow from the 
energy storage of capacitor to and activate the WSNs. For 
example, Minami et al. [15] introduced the use of a CMOS reset 
IC (ROHM BD4835G) to reset their solar energy harvesting 
powered WSN when the voltage across the supercapacitor is 
lower than 3.5 V. Torah et al. [14] introduced a cold start circuit 
which ensures that the MCU will only begin to draw power 
from the storage capacitor and start up when a minimum 
voltage of 2 V is met. Also, Torah et al. introduced the use of a 
MCU to determine the energy availability by monitoring 
voltage across a supercapacitor and adjust the measurement 
duty cycle based on the energy availability to keep the voltage 
across the supercapacitor steady at around 2.2 V. However, this 
method has limited the system to a low duty cycle operation and 
small data packet size for wireless transmission. Zhu et al. [16] 
and Ferrari et al. [17] reported the use of an energy-aware 
interface to turn on and turn off the WSN based on the pre-fixed 
voltages which are defined as turn-on and turn-off voltage 
thresholds respectively in their developed piezoelectric energy 
harvesting powered system. However, there is a drawback of 
such an EAI that the WSNs would stay active until the pre-fixed 
turn-off voltage threshold reached regardless of the WSN 
operation states. For example, if the WSNs finish the tasks 
early, this could cause wastage energy as the WSN is still on; if 
the WSN is in the period of operation, this would cause the 
WSNs to be unable to finish the required tasks as the turn-off 
voltage threshold is reached. This is not ideal for real 
applications to use such a pre-fixed voltage threshold hardware 
switching approach. In order to utilize the energy stored in the 
capacitor more effectively, this paper will, on top of the EAI, 
introduce an energy-aware program by monitoring the voltage 
in the capacitor to judge if there is enough energy in the 
capacitor for the WSNs to carry out the next operation and 
ensure all the measured data is transmitted before the energy 
becomes too low for operation of the WSNs. The energy-aware 
program is especially suitable for structural health monitoring 
of vibration [18] as the WSNs are required to turn on as long as 
possible for as many sampling data as possible without the 
limitation of constrained duty-cycle, which will be studied in 
this paper.  
This paper therefore introduces a combined energy-aware 
interface (EAI) with an energy-aware program to manage the 
energy flow from the energy storage capacitor to WSNs and 
deal with the energy mismatch for enabling the operation of 
WSN. These hardware and software energy-aware approaches 
are implemented in a custom developed vibration energy 
harvesting powered WSN. The energy-aware approaches are 
experimentally studied to understand the advantage of the 
introduced energy-aware approaches in overcoming the high 
sleep power consumption during sleep time of the WSN that 
causes the start-up problem and in enabling the energy 
harvesting powered WSN operation for maximum data 
sampling and transmitting with a limited energy generated by 
the harvester.  
II.  SYSTEM DESCRIPTION 
Fig. 1 (a) illustrates the block diagram of the custom 
developed energy harvesting powered WSN with the EAI. It is 
composed of three main blocks: (i) an energy harvesting source 
with a PMM and an energy storage capacitor CS, (ii) an EAI and 
(iii) an energy-aware WSN. An image of the implemented 
printed circuit board (PCB) with the EAI and the WSN is 
shown in the Fig. 1 (b). A piezoelectric strain energy harvester 





Fig. 1. (a) Block diagram of the custom developed energy harvesting powered 
WSN with the EAI and (b) the image of prototyped PCB of the developed 
energy harvesting powered WSN. 
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ambient vibrational energy to charge up the capacitor through 
the PMM, where the accumulated energy stored in the capacitor 
CS is used to power the WSN. It should be noted that the 
developed energy-aware WSN is suitable for all types of 
vibration harvesters connected with different PMMs and 
therefore the harvester and the PMM will not be discussed in 
this paper. The EAI, which serves as the interface between the 
PMM and the WSN, plays an important role in operating the 
WSN, and therefore will be discussed in detail below. 
A. EAI Circuit and its Operation 
Fig. 2 (a) shows the schematic of the EAI circuit which 
comprises a voltage supervisor (LTC2935-1, Linear 
Technology, United States) to monitor the voltage across the 
capacitor Vcs and an N-MOSFET to switch on or off the WSN.   
Fig. 2 (b) shows the illustration of the voltage VCS changes 
under the control of EAI. The Von is the pre-fixed voltage 
threshold set by the voltage supervisor to turn on the WSN to 
perform its measurement tasks. The Vend is the calculated 
voltage by the MCU, indicating that the capacitor will not have 
enough energy for the WSN to perform the next measurement 
tasks and the WSN should end its measurement operation. The 
Voff is the voltage that the WSN will be turned off after the 
MCU transmitted all the sampled and stored data. The Vmin is 
the minimum operating voltage of the WSN and below Vmin, the 
WSN is no longer able to operate properly.  Therefore, Vend  is 
higher than Voff , and Voff   is higher than Vmin, giving an extra 
margin to the energy availability for performing the tasks and 
ensuring  that the WSN can successfully sample and transmit 
all the data before VCS drops below Vmin.. The relationships 
among the voltages are Von > Vend > Voff > Vmin, shown in Fig. 2 
(b). 
It should be noted that Vend is not the turn-off voltage 
threshold of the voltage supervisor and also not pre-fixed 
voltages. Vend is determined not only by the energy stored in the 
capacitor CS but also by the energy required by the WSN for the 
next operation, which will be studied in Subsection D.  
The operation is explained as follows. The capacitor CS is 
initially charged from 0 V and the output pin of the EAI keeps 
low when VCS is lower than the voltage supervisor turn-on 
threshold Von. Once VCS exceeds the turn-on threshold Von, the 
output pin is set to be in a high state, which places the 
N-MOSFET transistor in a low impedance state, connecting the 
system and WSN ground. The WSN and the capacitor CS then 
form a closed circuit, where the current can be drawn by the 
WSN, and consequently the WSN is enabled to become active 
to carry out the programmed tasks, where Iw is the current input 
to the WSN and EAI, and ICS is the current input to the capacitor 
CS. During the active phase, the WSN monitors VCS and uses 
the energy-aware program to judge whether there is enough 
energy in the capacitor CS for the WSN to carry out the next 
operation, that is, VCS is larger than Vend. If VCS is lower than 
Vend, the WSN finishes off its task immediately and then resets 
the voltage supervisor to turn off the N-MOSFET switch. As a 
result, the WSN is disconnected from CS and is turned to the 
non-active phase so that the capacitor can be charged up again 
if there is input energy from the harvester. The system will 
remain in the non-active phase until VCS reaches Von again, and 
then the cycles repeat.  
 
B. Wireless Sensor Node 
The schematic of the developed WSN for this study is shown 
in Fig. 3. The WSN is built using a wireless MCU and three 
analogue sensors. The MCU used is Jennic JN5148 (NXP 
Semiconductors, Eindhoven, Netherlands) which has a 2.4 
GHz IEEE 802.15.4 compliant transceiver to communicate 
using ZigBee protocol, 128 kB of read-only memory (ROM) 
and random access memory (RAM) each. The sensors used are 
ADXL335 3-axis accelerometer (Analog Devices, 
Massachusetts, USA), a MCP9700 temperature sensor 
(Microchip Technology, Inc., Arizona, USA), and a low 
voltage humidity sensor (HIH-5030, Honeywell, New Jersey, 
USA). All of them are chosen based on the low power 
consumption and small amount of linear signal processing 
required, since the top consideration in the design of WSN is 
low energy consumption. The output pin of all sensors can be 
directly connected to the analogue-to-digital converter (ADC) 





Fig. 2. (a) Schematic of the hardware EAI and (b) an illustration of the voltage 
VCS changes across the capacitor under the control of EAI. 
 
Fig. 3. Schematic of the developed WSN connected with the EAI. 
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which is not enough for 5 ADC readings from the three sensors. 
Therefore, the temperature and humidity sensor are designed to 
share the ADC4 pin, which are switched on and off 
successively by the P-MOSFETs controlled using DIO pins of 
the MCU to prevent conflict between the sensors which could 
lead to data loss or corruption if they were both on all the time. 
The remaining three ADCs are individually connected to the 
three outputs (acceleration in x-, y- and z-axis) of the 3-axis 
accelerometer. In contrast, continuous data reading from the 
accelerometer is required because the accelerations are highly 
dynamic and change rapidly. Given that VCS is not constant 
throughout the active phase for the accelerometer which 
requires a fixed reference voltage to determine the 
accelerations from the sensor readings, a voltage reference 
(ISL21080CIH325, Intersil, California, USA) is used to 
provide a fixed reference voltage of 2.5 V to the accelerometer 
during the active time of the WSN. Humidity and temperature 
do not require continuous measurement since these quantities 
do not change as rapidly as the acceleration does. 
C. Energy-aware programmed WSN 
The operation flowchart of the energy-aware programmed 
WSN is shown in Fig. 4. The operation begins with the WSN in 
non-active phase until there is enough energy in the capacitor 
CS to turn on the MCU. Once there is sufficient energy in the 
capacitor CS, the voltage supervisor turns on the N-MOSFET, 
which in turn switches on the MCU, humidity sensor and 
accelerometer. The MCU takes one reading from the humidity 
sensor and turns it off before the temperature sensor is turned 
on to avoid conflict between the sensors. One temperature 
reading is taken using the shared ADC pin before temperature 
sensor is turned off. After that, the MCU takes a total of three 
readings (one each from x-, y-, and z-axis) for each sampling 
from the accelerometer every 10 ms in the studied case, which 
can be suitable for sampling low vibration frequency of up to 50 
Hz. Each reading is 2 bytes of data and is stored in the internal 
MCU RAM after each measurement. The MCU repeatedly 
takes reading from the accelerometer until a pre-defined 
number of readings are made, for example, a total of 48 
readings for 16 times of sampling the accelerometer, which 
correspond to 96 bytes of data to ensure there are enough 
readings to cover the measured vibration frequencies in the 
studied case of this paper. Then, the MCU measures the storage 
capacitor voltage VCS to judge whether VCS is larger than Vend in 
the capacitor CS for the MCU to take another 48 readings from 
the accelerometer and transmit all the data stored in the RAM. 
If so, the MCU will take another 48 readings from the 
accelerometer, store it in the RAM, and measures VCS again. If 
not, the MCU transmits all the data stored in the RAM and 
sends a LOW signal to RESET pin of the voltage supervisor. 
The voltage supervisor then turns off the N-MOSFET so that 
the WSN goes into non-active phase and the cycle repeats, 
alternating between active phase and non-active phase as long 
as there is energy from the energy harvester. The data size to be 
transmitted in the first packet is 100 bytes, which consists of the 
readings from all three sensors and the remaining packets only 
have 96 bytes from the 48 accelerometer readings. For the 
implemented WSN program, it should be noted that there is 
only one transmission at the end of the active time just before 
the WSN is switched off for energy saving, for example, 
avoiding repeatedly setting up the transmission channel in the 
case of multiple transmissions. 
 
D. Determination of Vend 
The Vend can be determined by (1), which is based on the 
energy stored in the capacitor CS and the energy required for the 
WSN to perform the next tasks of sampling another 48 readings 
from the accelerometer and transmitting all the data stored in 









2 ≥  𝐸𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑  
= 𝐸𝑡𝑥−2 + (𝑁 + 1) × 𝐸𝑡𝑥−48 + 𝐸𝑠𝑎𝑚𝑝−48+𝐸𝑟𝑒𝑠𝑒𝑡            (1) 
 
where Erequired is the energy required for the WSN to perform the 
required tasks in the next process, Etx-2 and Etx-48, Esamp-48, and 
Ereset is the energy required for the WSN to transmit 2 data of 
the temperature and the humidity measurements and 48 data of 
the accelerations from the RAM, sample 48 data from the 
accelerometer, and reset the hardware, respectively. N is the 
number of cycle of the WSN operations, and Vmin is set to be 2.4 
V, which is the minimum operating voltage of the MCU for the 
sensors operation without data losses. Etx-2, Etx-48, Esamp-48, Ereset 
can be determined through programming the WSN to perform 
the individual tasks and then measure the energy consumption 
of the tasks. For example, the WSN is programmed to only take 
48 readings from the 3-axis accelerometer. One source meter 
  
 
Fig. 4. Flowchart of the operation cycle of the energy-aware programmed 
WSN by software. 
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(Keithley 2612B) can be used to measure the voltage Vs and 
current Is supplied to the WSN, and then the energy 
consumption for performing the task can be calculated by (2).  




where Etask(tn) is the energy consumption for the WSN to 
perform the individual tasks with the task time (tn ), Vs (tk) and Is 
(tk) are the measured instantaneous voltage and current of the 
WSN at time tk , Δt is the interval of the sampling time, and n is 
the sampling number during tn. The subscript ‘task’ is the 
individual tasks of ‘tx-2’, ‘tx-48’, ‘samp-48’, or ‘reset’ 
depending on the program used to determine the energy 
consumption for the respective tasks. Using this method, Etx-2, 
Etx-48, Esamp-48, and Ereset has been found to be 8.75 µJ, 0.21 mJ, 
3.34 mJ, and 0.17 mJ respectively in the studied case.  
It should be highlighted that, on the second line of  (1), it has 
been considered that energy Erequired is guaranteed to be 
sufficient for transmitting all the data previously stored in the 
RAM when the case of VCS < Vend occurs immediately after the 
case of VCS > Vend if the capacitor size is properly chosen. This is 
because the energy calculation has included reserved energy 
(N+1 in the equation) for the transmission of data stored in the 
RAM which was obtained from the previous operation. Also, 
Vend  is higher than Vmin of the minimum operating voltage of the 
WSN, giving extra margin to the energy availability for 
performing the tasks. The proper capacitance CS can be 
determined by the energy consumed by the required tasks. As 
the energy consumed by the WSN is known, determined by (2), 
a proper capacitance can be chosen to ensure successful 
operation of the WSN for all its required tasks. For example, at 
least 2 mF of capacitance is required to implement the first 
cycle of the measurement and transmission with 3.2 mW power 
generated by a PEH studied in the paper. If the capacitance 
were smaller than 2mF  and as the WSN consumes almost fixed 
amount of energy for the required certain tasks in one cycle, VCS 
would drop, possibly below Vmin, which would make the WSN 
fail to complete its measurements, execute the energy-aware 
program and transmit the data. A proper capacitance, therefore, 
needs to be used for a number of cycle measurements so as to 
ensure there is enough energy for the WSN operation.  
 
III. EXPERIMENTAL METHODS 
A. Experimental Setup   
Experimental tests based on the custom developed energy 
harvesting powered WSN, shown in Fig. 1, were performed to 
understand the advantages of the energy-aware approaches. 
The experimental setup used is shown in Fig. 5, where two 
LabVIEW interfaces are used, one for real-time recording and 
displaying the transmitted sensor data to the base station placed 
at a distance of 4 m to verify the operation of the energy-aware 
approaches and one for real-time recording and displaying the 
measured voltage VCS and current Iw to understand the 
advantages of the energy-aware approaches. Two Sourcemeters 
(Keithley 2612B) were used to measure the voltage VCS and 
current Iw. A piezoelectric strain energy harvester using a 
macro-fiber composite (MFC) bonded on one side of a carbon 
fiber composite plate is used to scavenge ambient vibrational 
energy. An Instron E10000 ElectroPuls dynamic testing 
machine is used to apply strain vibration load to the energy 
harvester. The PCB with the WSN and the PMM is mounted on 
another side of carbon fiber composite plate. Although different 
sizes of capacitor has been tested, only 10 mF supercapacitor is 
used to show the results of the energy-aware approaches for the 
energy storage to power the energy-aware WSN in Section 4 of 
this paper as they give very similar results.  
B.  Configuration Characterization 
To understand the advantages of the energy-aware 
approaches for the energy harvetsing powered WSN, 
characterizations and comparisons of 3 different configurations 
were performed. Configurations 1 and 2 are the developed 
energy harvesting powered WSN with the EAI shown in Fig. 1 
and without the EAI by removing the EAI block in Fig.1 
respectively, to study the EAI advantage in enabling the WSN 
operation without start-up problem when there is a limited 
energy harvested. Configuration 3 is the developed WSN 
powered by a DC power source without the EAI and is used to 
study the advantage introduced by the EAI for low sleep current 
consumption. In Configuration 3, a DC power source (Keithley 
2220-30-1) is used to replace the MFC, EAI, and PMM to 
power the CS and WSN and the MCU is programmed to run in a 
normal sleep mode, by using one wakeup timer clocked by its 
internal 32 kHz resistor-capacitor oscillator to generate a 
wake-up event. Following a wakeup event, the timer continues 
to run and the sleeping time is set by the wake-up timer. 
Moreover, to make fair comparisons between Configurations 1 




Fig. 5. (a) Block diagram of the experimental setup used for the 
characterization and (b) Images of the experimental setup for the PEH powered 
WSN to transmit data wirelessly to a base station. 
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and 3, the active and sleeping time of Configuration 3 is set to 
be the same as Configuration 1. 
For the similar reason to the chosen capacitor size, for the 
testing of Configuration 1 and 2, in spite of different strain 
loadings which emulate aircraft wing strain loading have been 
applied onto the piezoelectric strain energy harvester through 
Instron E10000 testing machine, only the peak-to-peak strain 
loading of 600 με at 10 Hz with the 3.2 mW power generated by 
a piezoelectric energy harvester (PEH) was used to show the 
results in Section 4 of this paper. For Configuration 3 testing, 
the voltage of the DC power source is set to be 3.16 V, which is 
taken from the turn-on voltage for the energy-aware WSN in 
Configuration 1 to operate, and the input current is set to be 8 
mA, which is the minimum current found by manually tuning 
that enables the operation of Configuration 3. 
C.  Calculated average sleep current 
The average sleep current of the WSN presented in Section 4 






 (3)  
where Iave is the average sleep current of the WSN during the 
sleeping time Tsleep, Iw (tk) is the instantaneous sleep current of 
the WSN at tk, ∆t is the interval of the sampling time and n is the 
total sampling number during Tsleep. 
 
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS 
A. For Configuration 1 
The measured voltage of VCS and current of Iw from 
Configuration 1 are shown in the Fig. 6. It shows that, from the 
beginning to 22.56 s, the capacitor was charged by the PEH and 
its voltage VCS increased steadily from zero to 3.16 V. During 
this period, the voltage VCS is below the pre-set threshold Von of 
3.16 V and so the WSN is off. As soon as VCS reaches 3.16 V, 
the EAI turns on the N-MOSFET switch, enabling the capacitor 
to release its energy to the WSN. It also shows that, after initial 
charging of the capacitor for about 22.56 s, the PEH was able to 
power the WSN for a period of 1.15 s (active time) every 7.79 s 
(sleeping time) with a limited energy harvested of 3.2 mW by 
the PEH subject to a peak-to-peak strain loading of 600 με at 10 
Hz vibration. Consequently, a drop in VCS and a surge in Iw is 
observed in Fig. 6 (a) and (b) respectively as the WSN is 
switched into its active phase for about 1.15 s, including 0.17 s 
(wake up), 0.06 s (1 reading from the temperature and humidity 
sensors respectively), 0.64 s (the total sampling time of the 
accelerometer for 4 cycles), 0.12 s (the total judgement time for 
4 cycles),0.14 s (transmission for 388 bytes of measured data) 
and 0.02 s (resetting WSN), shown in Fig. 6 (c).  
During the active phase, the energy-aware program 
   
 (a) (b)     
    
 (c) (d) 
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calculates the Vend and resets the EAI once VCS drops below the 
Vend of about 2.58 V, calculated from (1) and based on the Vmin 
is set to be 2.4 V in the studied case. Therefore, the WSN was 
switched off at around 2.47 V of Voff, as shown in Fig. 6(a), 
which is slightly higher than 2.4 V. This shows that the Vend and 
Voff are not the Vmin. As the given specific meaning of Vend, the 
implemented WSN will be able to have enough energy to 
complete all the measurement tasks and transmit all the data in 
the end of active time.                                                      
   During the sleeping time, the WSN is turned off by the EAI, 
consuming an average current of 0.95 µA, calculated from the 
result shown in Fig. 6 (d) and based on (4). The main reason for 
the WSN to have such a low sleep current is that the EAI is able 
to switch off the WSN including the MCU and other 
sub-circuits during the sleeping time and so the power 
consumption of the WSN is almost zero. It can be analyzed that 
this average sleep current is mainly consumed by the voltage 
supervisor and N-MOSFET in the EAI. 
B. For Configuration 2 
The measured voltage of VCS and current of Iw from 
Configuration 2 are shown in Fig. 7. It can be observed that VCS 
was able to increase to 2.0 V and then fluctuated around it. 
When VCS reaches the minimum turn-on voltage of the MCU 
(2.0 V), this voltage level can support some peripherals of the 
MCU such as the ADCs, DACs, comparators and the internal 
temperature sensor to start working, but it is lower than the 
minimum operating voltage of the MCU (2.4 V) to support all 
the peripherals of the MCU. However, those aforementioned 
parts are always powered on until there is a minimum operating 
voltage available to the core processor of the MCU for it to 
operate properly and control all the peripherals with proper 
initialization. Therefore, with the MCU continuously draws 
energy when the voltage supply is below the minimum 
operating voltage while there is a limited energy harvested by 
the PEH (3.2mW), the harvested energy cannot be accumulated 
in the energy storage. 
It can also be observed that although the energy harvested by 
the PEH can support the WSN with up to 3 mA of current 
during the active time, the supplied current soon drops to 
around 0.313 mA, calculated from Fig. 7 (b). As the supplied 





Fig. 7. Time dependence of (a) the voltage VCS, and (b) the current 






Fig. 8. Time dependence of the current Iw with the MCU running (a) in a normal 
sleep mode and (b) the detailed plot. 
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WSN to start the operation, of around 8 mA, shown in Fig. 6(c), 
Configuration 2 without EAI is not able to start its operation. 
The similar reason as above is that the energy stored in the 
capacitor is immediately consumed by the WSN when the VCS 
reaches the minimum turn-on voltage of the WSN. This means 
that the energy harvested could not be accumulated in the 
capacitor until it is enough for the operation of the WSN.    
C. For Configuration 3 
 The measured voltage of VCS and current of Iw from 
Configuration 3 are shown in Fig. 8. From Fig. 8(a), the active 
phase current consumption and pattern is similar to 
Configuration 1, as shown in Fig. 6(b), as the MCU was 
programmed to do similar tasks. However, from Fig. 8(b), it 
can be observed that the average sleep current of the system for 
Configuration 3 is around 28.3 µA. It can be analyzed that the 
current is mainly consumed by the internal wake-up timer, CPU 
processing, and 32 kHz crystal oscillator of MCU, which are 
used to control the MCU from sleep to wake up and also the 
associated sensor circuits.    
D. Comparisons of the Three Configurations 
The performances and the non-active phase currents of the 
three configurations are summarized in Table 1. Comparing 
configuration 1 and 2, it can be seen that the EAI plays an 
important role in dealing with the mismatch between the energy 
generated by the harvesters and the energy demanded by the 
WSNs to perform required tasks and in enabling the WSN to be 
powered by energy harvesting technology when there is a 
limited energy harvested. This is because the EAI enables the 
energy generated during the non-active phase to be 
accumulated in the capacitor without being immediately 
consumed by the WSN. Comparing configurations 1 with 3, it 
can be seen that the EAI can reduce the power consumption of 
the WSN during the sleeping time from 28.3 µA of a normal 
sleep mode to 0.95 µA since with the EAI, the internal wake-up 
timer and other associated circuits which consume more energy 
than the EAI are switched off.  
V. CONCLUSION 
This paper has reported a combined EAI with energy-aware 
program to manage the energy flow from the energy storage 
capacitor to the WSNs to deal with the mismatch between the 
energy generated by the harvesters and the energy demanded by 
the WSNs to carry out required tasks. These combined 
energy-aware approaches were implemented and 
experimentally studied in a custom developed piezoelectric 
vibration energy harvesting powered WSN. The experimental 
results show that, with a limited energy harvested, the 
combined energy-aware approaches enable (1) the harvested 
energy to be accumulated in the capacitor to deal with the 
mismatch for enabling the WSN operation, (2) solve the 
start-up issue, and (3) allow the WSN to have a low sleep 
current from 28.3 µA of a commercial WSN to 0.95 µA. It is 
also shown that the WSN without the combined energy-aware 
approaches is not able to start and therefore cannot operate 
when there is a limited energy harvested, which demonstrates 
the importance of the energy-aware approaches developed in 
this paper.   
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